Introduction
[2] The San Andreas Fault Observatory at Depth (SAFOD) Main Hole, drilled near Parkfield, California in 2004 and 2005 as part of the National Science Foundation's EarthScope Project, provides the unique opportunity to obtain in-situ samples from active traces of the San Andreas Fault (SAF) system [Hickman et al., 2004] . These samples help address long-standing issues such as the causes of the apparent weakness of the SAF [Lachenbruch and Sass, 1992; Zoback, 2000] , the mechanical involvement of fluids in the faulting process [Hickman et al., 1995] and the processes that control seismogenic vs. creeping behavior. Multiple faults were recognized during drilling of SAFOD, five of which are discussed below. The objectives of this first systematic study of mineralogy are to: 1) divide the SAFOD Main Hole into mineralogical zones, with boundaries likely to be major faults, 2) characterize the mineral assemblages of fault rocks, the active SAF in particular, as a first step toward understanding frictional and geochemical properties and fault evolution, and 3) identify candidate zones for continuous coring that will be sampled during Phase 3 drilling in 2007.
Methods
[3] The SAFOD borehole was drilled to a total measured depth of 3997 m in 2004 and 2005 (see http:// www.icdp-online.de/sites/sanandreas/index/). All depths reported in this paper are along hole measured depth (MD), and not true vertical depth (TVD). Drill cuttings were collected at 3 m intervals, and were gently washed in tap water in a 140-mesh sieve (0.106 mm) to remove drilling mud. Material that did not pass through the sieve was air dried at room temperature and is hereafter referred to as washed cuttings. Sub-samples were collected from archived washed cuttings using a mechanical chutetype sample splitter to preserve representative mineralogy and then crushed until they passed through a 190 mm mesh. Samples were analyzed using X-ray diffraction (XRD) techniques (CuKa radiation, 2 -65°2q with a step size of 0.02°2q and a count time of 2 seconds) at 30 m intervals from 1219 to 3048 m, at 15 m intervals from 3048 -3780 m, and at 3 m intervals across major lithologic boundaries and fault zones. Two samples from a clay-rich shear zone sampled by a spot core at 3067 m were also analyzed.
[4] Peak areas, a proxy for mineral concentration, were measured for all phases, and peak widths, a function of crystallite size, were measured for phyllosilicate phases [see Solum and van der Pluijm, 2004] . Quantitative XRD analysis was conducted on samples from five fault zones penetrated by SAFOD.
[5] Cuttings collected during drilling provide a continuous record of lithology, however there are issues that must be addressed when using cuttings to characterize mineralogy. These include: loss of formation clays during washing; difficulty resolving small features (i.e., thin beds, veins, or faults) because cuttings are an average of rock types over a 3-m-long interval; mixing as cuttings travel from the drill bit to the surface, especially in inclined holes where a cuttings bed may develop on the low side of the hole; and contamination of cuttings derived at the drill bit by borehole collapse and abrasion further up the hole. In addition, XRD cannot reliably quantify phases present at less than a few weight percent, nor does it provide information about textures or cross-cutting relationships. These types of detailed analyses are best performed using optical thin section observations [Barton et al., 2005] or electron microscopy [Schleicher et al., 2006] . In spite of these limitations, XRD analysis is ideally suited to the systematic characterization of mineralogy in the protolith and SAF rocks penetrated by the SAFOD hole.
[6] For the purpose of the present study, faults were identified based on juxtaposition of significantly different lithologies, the presence of pervasively sheared mineral surfaces recognized optically, or variations in physical properties as inferred from geophysical logs. The sampled faults are ( Figure 1 ): 1) a fault separating granite from granodiorite (1360-1450 m), which likely correlates with a shear zone identified in the SAFOD Pilot Hole by Boness and Zoback [2004] , 2) a fault separating granodiorite from brecciated sandstones and shales (1926 -1935 m) , 3) a fault separating sandstone from interbedded sandstones and shales (2545 -2560 m), 4) a pervasively sheared fault sampled during coring at the end of Phase 1 (3067 m), and 5) a fault zone associated with distinctive mineral assemblages and ongoing casing deformation (3300 -3353 m [see Zoback et al., 2005] ). As discussed by Zoback [2005, 2006] , faults 1 -3 were identified on the basis of physical property variations seen in geophysical well logs, preliminary on-site cuttings analyses, and changes in bedding attitude from wellbore image logs. All faults hereafter are referred to by the top of their depth range.
Results
[7] A summary diagram with mineral assemblages is shown in Figure 1 . The occurrence and characterization of diagnostic minerals in the SAFOD Main Hole are discussed below. The primary phases that are used to define mineralogical zones (separated by red dashed lines in Figure 1 ) are chlorite, illite, illite-smectite, laumontite, hornblende and serpentine. Quartz and feldspars are ubiquitous, and are not as useful in defining mineralogical zones.
Granite and Granodiorite
[8] The mineralogical survey discussed in this paper begins in a granite at 1200 m MD. The granite is in fault contact with a granodiorite at $1400 m MD, which persists to 1920 m MD. For our purposes these igneous rocks are grouped into a single package of granitic rocks. The primary phases in this package are quartz, undifferentiated feldspars, biotite, and hornblende in the granodiorite. Chlorite and laumontite are the dominant alteration phases.
Arkosic Sediments
[9] The hole encountered a sequence of arkosic sedimentary rocks at 1920 m MD, with interbedded shales and siltstones. This sequence persists to 3150 m MD, and is composed of three distinct zones. The first extends from 1920 to 2550 m MD. This zone is dominated by quartz, feldspars and illite with minor laumontite and hornblende in its upper portion. The concentration of chlorite in this zone is highly variable. The second zone extends from 2550 to 2720 m MD, and is recognized by the occurrence of a mixed-layer illite-smectite phase. It is difficult to fully characterize I-S using routine bulk rock analyses due to potential contamination by drilling mud (montmorillonite), and the need to solvate the samples with ethylene glycol to identify smectitic clays. Therefore, the objective of this paper is only to recognize the presence of such phases, not to fully characterize them, which is the focus of future study. The second zone also contains quartz and feldspars, and is enriched in chlorite and illite. The first and second zones are separated by a prominent fault (discussed below). The third zone extends from 2720 to 3150 m MD, exhibits an increased proportion of interbedded shales and is recognized by the occurrence of abundant laumontite and an increased amount of illite. This zone also contains quartz, feldspars, and minor chlorite.
Shales/Siltstones
[10] A sequence of shales, siltstones and claystones was encountered at 3150 m MD and persists to the bottom of the XRD survey at 3800 m MD. This sequence is composed of two distinct zones. The first extends from 3150 to 3350 m MD, while the second is from 3350 -3800 m MD. Both zones are dominated by chlorite, quartz, and feldspars. The chlorite concentration is significantly greater in the second zone than in the first. The chlorite peak widths (a function of the size of the X-ray scattering domain) are relatively constant in both zones, suggesting both chlorite populations are related.
Serpentine Minerals
[11] Minor amounts (<$2 -3 wt%) of serpentine minerals were detected in only one place in the SAFOD borehole at depths of 3322 to 3353 m MD. This is near the center of an $ 200-m-wide low-velocity zone identified as the principal damage zone of the San Andreas Fault Boness and Zoback, 2005] and is also in close proximity to a place where the casing is actively deforming . Due to overlap of diagnostic serpentine mineral peaks with peaks from other phases on XRD patterns it is not possible to uniquely characterize the serpentine mineral that was present in the cuttings. Based on morphologies observed using a binocular microscope, however, the serpentine minerals are lizardite and chrysotile.
Fault Zone Mineral Assemblages
[12] As discussed above, faults inferred from cuttings correspond to faults inferred from geophysical logs (Boness and Zoback, submitted manuscript, 2006) . Fault zone mineral assemblages are shown in Figure 2 . The 1360 m fault contains few clays (4 -15 wt% combined chlorite, illite and I-S), abundant quartz (30 -35 wt%) and feldspars (43 -54 wt%) and a comparatively great amount of laumontite (6 -13 wt%) with trace amounts of calcite. The 1926 m fault contains 1 -6 wt% clay minerals, 1 -4 wt% laumontite, and is quartz (62 -72 wt%) and feldspar (24 -33 wt%) rich. The 2545 m fault contains 22 -44 wt% clay minerals, including an anomalously high percentage of mixed-layer clays (9 -14% I-S), 20-27 wt% feldspars, 36-47 wt% quartz, up to 3 wt% calcite, and no detectable laumontite. Plucked grains from fault rock, identified by the presence of polished surfaces with slickensides, in this zone contain up to 61 wt% clay minerals. The 3067 m fault has up to 62-69 wt% clay minerals with the clay phase dominated by illite (48 -51 wt%) and I-S (14 -18 wt%), and contains no detectable laumontite. The 3300 m fault has between 14-60 wt% clays, up to 6 wt% calcite, trace amounts of laumontite (less than 2wt%), and trace amounts of serpentine minerals (less than 2 -3 wt%).
[13] Work to more fully characterize the observed clay phases is ongoing. Transmission electron microscopy (TEM) of a sample from 3067 m confirms the presence of neoformed fault-related illite and mixed-layer I-S. As dis-cussed by Schleicher et al. [2006] , the grain-scale coatings of smectite seen in this TEM image could be significant in controlling the mechanical behavior of several of the clayrich fault zones encountered during SAFOD drilling. [15] The changes in mineralogy discussed above correlate with changes in physical properties determined from geophysical logs Boness and Zoback, submitted manuscript, 2006] and with an approximately 15-m-wide zone of ongoing casing deformation that is most intense at 3303 m MD . These findings indicate that cuttings analyses reveal real lithologic boundaries. Moreover the comparison of plucked grains (representing sheared fault rocks) to bulk samples from the shear zone at 2545 m indicate that, while the mineralogical signature of fault rocks may be diluted in cuttings, it is nevertheless preserved.
Discussion
[16] Both smectite and serpentine minerals have been used to explain the low long-term strength and mechanical behavior of the SAF [e.g., Morrow et al., 1984; Moore et al., 1997] . Serpentine minerals, in particular, are frequently observed at the surface in association with the SAF in central California [Irwin, 1990] and might be important in facilitating fault creep [Moore et al., 1997; Reinen, 2000; Andreani et al., 2005] . The smectites in the SAFOD Main Hole occur as a mixed-layer phase and while frictional properties have not yet been fully evaluated, faults containing these phases are relatively weak (coefficient of friction $0.4 -0.5 for bulk cuttings, $0.33 for plucked clay-rich fault rocks (S. Tembe et al., Frictional strength of cuttings and core from SAFOD Drillhole Phases 1 and 2, submitted to Geophysical Research Letters, 2006) .
[17] The region with the most intense casing deformation occurs $19 m above the first appearance of serpentine in the cuttings (see Figure 1) . The mechanical significance of serpentine encountered during drilling of SAFOD and its spatial relationship to active traces of the San Andreas Fault will not be known with certainty until continuous core is obtained within and adjacent to the active traces of the SAF in the final phase of SAFOD [see Hickman et al., 2004] .
[18] Chlorite is a common mineral in some exhumed members of the SAF system [Chester and Chester, 1998; Schulz and Evans, 1998; Solum et al., 2003] and occurs in at least one shear zone from the SAFOD pilot hole [Solum and van der Pluijm, 2004] . Whereas chlorite appears in some fault rocks in the SAFOD main hole, it is not ubiquitous. It is most useful as an indicator of changes in lithology within fine-grained rocks, such as those encountered from $3150 m to the bottom of the hole, indicating a distinctly different mineralogy for the sedimentary rocks on opposite sides of the actively creeping fault trace.
[19] Laumontite was observed in the Cajon Pass borehole [Vincent and Ehlig, 1988; James and Sliver, 1988] and has been described along the San Gabriel Fault [Evans and Chester, 1995] , and in the Punchbowl Fault [Chester and Chester, 1998; Schulz and Evans, 1998; Solum et al., 2003] , although it is not associated with the Cocktail Fault, an older member of the Punchbowl fault system (Solum et al. [2003] incorrectly referred to as the Punchbowl Fault-proper in that paper). The occurrence of laumontite in fault rocks from the upper part of the SAFOD Main Hole (i.e., faults 1, 2, and 3) correlates with the occurrence of laumontite in the protolith adjacent to those faults. In addition, laumontite is present in trace amounts in the active trace of the SAF (the fault associated with casing deformation at $3300 m MD) but is absent in the intensely sheared fault zone cored at 3067 m MD. This suggests that in this setting laumontite may not necessarily be fault related and that instead its occurrence may reflect mineralization associated with fluid flow in zones bounded by sealing faults.
Conclusions
[20] The purpose of this paper is to provide a first description and analysis of the mineral assemblages of the protolith and fault rocks penetrated by the SAFOD Main Hole. The mineralogic zones recognized in SAFOD are:
[21] 1. Granite/granodiorite (1200-1920 m), with bulk mineralogy of quartz + biotite ± hornblende + albite ± microcline. Alteration minerals are chlorite and laumontite. The granite and granodiorite are in fault contact at 1360 m.
[22] 2. Arkosic sedimentary rocks (1920 -2550 m) . Bulk mineralogy is quartz + albite ± microcline + feldspars + illite ± minor hornblende, with minor laumontite toward the top of the sequence. This suite is in fault contact with both the overlying granodiorite and the underlying sedimentary package.
[23] 3. Illite-Smectite zone (2550 -2720 m). Bulk mineralogy is quartz + illite + chlorite + illite. Illite-smectite, interpreted to be a secondary fault-related phase, is common. At least one prominent fault exists in this interval and separates it from the underlying arkose.
[24] 4. Arkosic sedimentary rocks with interbedded shales (2720 -3150 m). These rocks are similar to the shallower arkose occurrence, but are generally richer in illite. Laumontite is common, and is possibly associated with alteration caused by a fluid reservoir confined by sealing faults.
[25] 5. Shale/siltstone (3150 -3350 m). Bulk mineralogy is chlorite + illite ± illite-smectite + quartz + albite ± microcline. Likely in fault contact with under and overlying units. Serpentine is present in small amounts in this interval.
[26] 6. Shale/siltstone (3350 -3800 m). Bulk mineralogy is chlorite + illite ± illite-smectite + quartz + albite ± microcline. This zone is characterized by a mostly homogeneous population of chlorite at a significantly greater concentration than in the overlying zone. Limited schematic cross section along the trajectory of the SAFOD main hole. Mineralogical zones described in the text are denoted by red arrows. Boundaries between mineralogical zones are shown as either dashed blue lines (representing a confirmed fault) or dashed black lines (representing a contact of unknown origin). Faults described in Figure 2 are also labeled. The orientation of all faults and contacts are arbitrarily assigned as perpendicular to the trajectory of the SAFOD hole. ''Start'' and ''end'' denote the extent of the main hole that was analyzed in this study. Lithologies outside that range are inferred from the mud log. The active SAF is defined by connecting the region of active casing deformation to the surface trace of the active SAF.
[27] Fault zones penetrated during drilling contain a variety of mineral assemblages. The ratio of clay to nonclay phases in fault rocks is highly variable, and the greatest clay/non-clay ratio is for the cored fault zone at 3067 m. This suggests that, while fault related clays are preserved in drill cuttings, they are diluted. Both smectite and serpentine minerals occur in association with faults from the SAFOD borehole and, in particular, the sole occurrence of serpentine was in close association with a zone exhibiting active casing deformation centered at 3303 m. However, owing primarily to the poor spatial resolution of cuttings analysis, the origin, frictional properties, and relation of this serpentine (as well as potentially localized concentrations of clay minerals) to active traces of the SAF have not yet been fully established. Further study of these zones and topics will begin after continuous coring in 2007, which will be guided in part by the mineralogical observations described here.
